Abstract The subject of this study is production of carbon nanotubes (CNTs) using an original procedure of reduction of lithium molten salts onto graphite cathode; their structural characterization and application as support material for electrocatalysts aimed for hydrogen evolution. As-produced CNTs were characterized by means of scanning and transmission electron microscopy (SEM and TEM), Raman spectroscopy, and thermogravimetric and differential thermal analysis (DTA). SEM and TEM images have shown that nanotubes are mostly of curved shape with length of 1-20 μm and diameter of 20-40 nm. Raman peaks indicate that the crystallinity of produced nanotubes is rather low. The obtained results suggest that formed product contains up to 80 % multiwalled carbon nanotubes (MWCNTs), while the rest being non-reacted graphite and fullerenes. DTA curves show that combustion process of the nanotubes takes place in two stages, i.e., at 450 and 720°C. At the lower temperature, combustion of MWCNTs occurs, while at higher one, fullerenes and non-reacted graphite particles burn. As-produced MWCNTs were used as electrocatalyst's support materials and their performance was compared with that of traditional carbon support material Vulcan XC-72. MWNTs have shown almost twice higher real surface area, and electrocatalyst deposited on them showed better catalytic activity than corresponding one deposited on Vulcan XC-72.
Introduction
Carbon nanotubes (CNTs), discovered by Iijima [1] , are supposed to be a key component of many technologies because of their outstanding structural, mechanical, and electronic properties. They are microscale length graphene tubes with end "caps" consisted either of one graphitic layer and 1-2 nm in diameter (single walled nanotubes, SWCNTs) or of two or more graphitic layers, with interlayer spacing of 0.34 nm and diameters of 2-20 nm (multiwalled carbon nanotubes, MWCNTs).
As result of their pronounced electrical, mechanical, and chemical properties, almost every week a new potential application of CNTs is identified in a wide range of modern science and engineering. They have variety of applications in analytical chemistry such as design of novel gas sensors, voltammetry, enzymatic biosensors, DNA probes, scanning probes, etc. [2, 3] . Their conductivity and small size impose them as key material in molecular electronics and electronic devices [4, 5] Furthermore, CNTs have a great potential to be used as fillers in polymer composites replacing carbon fibers and carbon blacks [6] . Several applications for CNTs have been suggested in energy production and energy storage devices as an electrode material in lithium ion batteries and or in electrochemical capacitors [7] [8] [9] .
CNTs can be produced by various methods. There are three predominant methods for their synthesis: electric arc discharge [10] , laser ablation of carbon target [11] , and chemical vapor deposition [12] . But, generally, these production procedures are rather expensive and not very productive. The large-scale use of CNTs is still limited due to the high production costs and the low productivity. The use of CNTs requires a production method that combines growth control with low costs and scalability.
Hsu and coworkers have developed a new electrolytic method, very promising for producing carbon nanotubes [13, 14] . The essence of this method is electrowinning of alkali metals (Li, Na, and K) or alkali earth metals (Mg, Ca) from their molten chloride salts on a graphite cathode, followed by formation of CNTs by the interaction of deposited metal with the cathode. They electrolyzed molten lithium chloride using graphite electrodes. The cathode eroded during the electrolysis and nanoscale products, including MWCNTs, were found in the electrolyte.
Electrolytic production of carbon nanotubes in chloride oxide melts under carbon dioxide pressure was studied by Novoselova et al. [15] . The electrochemical study of peculiarities of carbon solid phase deposition from halide melts (NaCl:KCl) saturated by carbon dioxide under excessive pressure up to 1.5 MPa was carried out in the range of 500 to 800°C by the method of cyclic voltammetry. They have characterized the chemical, phase, and structural composition of the obtained cathode products. It was found that cathode deposits contain carbon nano-sized particles of different forms and structure: blocks of amorphous carbon, crystalline graphite, carbon nanotubes, and nanofibers.
Chen et al. [16, 17] have connected the erosion of the cathode and the formation of the products to the intercalation of alkali metals into graphite. This was extended further by Fray [18, 19] who pointed out that the cathodic carbon/ graphite erosion is similar to that found in the Hall-Heroult cell where alkali metals also intercalate into graphite.
Dimitrov et al. [20, 21] reported that the constant voltage molten salt electrolysis, as opposed to the constant current electrolysis that had been applied in most previous cases, could improve and increase the yield of produced CNTs. This method is considered as a more advantageous and economical method when compared with arc discharge, CVD, and laser ablation methods due to the lower cost of energy, the setup simplicity required, and the large-scale production of CNTs. Also, the present authors have applied chronoamperometric method [22] , where the results confirmed that EC4 is a proper material for the present purpose. The idea of this method was avoiding cathode blocking, electrode cracking caused by current peaks, and improvement of CNTs production. Furthermore, comparison with the data obtained with previous used methods and assessed the influence of electrode polarity switching time, the cathode exfoliation, and production of CNTs [22] .
In recent time, one of the ways to improve electrocatalytic activity of the electrode materials aimed for water electrolysis/fuel cells as well as to reduce the amount of Pt is using carbon nanotubes as support material. Actually, the most used support material for the above-mentioned purpose is carbon black-Vulcan XC-72. Its distinctive properties such as high degree of ordering, appropriate physical and chemical surface characteristics, and high electron conductivity are decisive for that [23] . But, the unique physical properties of CNTs such as electroconductivity, mechanical stability, surface area, porosity, etc. make them very attractive as support material for electrocatalysts in hydrogen economy. In comparison with Vulcan XC-72, CNTs have considerably higher electronic conductivity of 10 4 Scm −1 [24] , while specific surface area is in range of 200-900 m 2 g −1 [24] . Also, Vulcan XC-72 has micropores smaller than 2 nm, while this is not case with CNTs [25] . This is important for electrocatalytic behavior because small nanostructured metallic phase can sink into the micropore, reducing the three-boundary reaction sites. Other advantage of CNTs vs. Vulcan XC-72 is higher chemical, i.e., corrosion stability. This is a very important parameter for anodic reactions oxygen evolution in hydrogen electrolysers and hydrogen oxidation in fuel cells. Namely, electrochemical degradation of carbon materials is slowed considerably by carbon graphitization [23] . The aims of this work include synthesis of CNTs using electrolysis in molten LiCl; their characterization by means of scanning electron microscopy (SEM), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), and Raman spectroscopy; as well as their application as support material for non-platinum electrocatalysts aimed for hydrogen evolution reaction.
Experimental
MWCNT's were produced in alumina crucible with a volume of 150 cm 3 , as the container of the molten salt electrolyte. The commercial graphite rods, type EC4, with average grain size of 0.038 mm and density of 1.75 gcm −3 and 6.5 mm in length were used as both an anode and cathode material [21] . As an electrolyte, molten LiCl was used. The cell was placed inside a sealable Inconel tube reactor with water-cooled jacket and heated by a vertical Lenton furnace equipped with a programmable controller. The salt was always thermally pre-dried in an argon atmosphere inside the Inconel tube at 250°C for at least 2 h and further melted in an argon atmosphere. The electrolysis was controlled by a Farnell LS30-10 auto ranging power supply. After the each experiment, the cathode was removed and the electrolyte was left to solidify overnight. Typically, the solidified salt was then dissolved in distilled water with the aid of mechanic stirring and left for the solvents to phase separate. The carbonaceous phases extracted from the solidified electrolyte were observed by scanning and transmission electron microscopy, using JEOL 6340F (SEM, 10 kV) and JEOL 200CX (TEM, 200 kV). The thermal stability of the carbonaceous product was measured using TGA/differential thermal analysis (DTA) using Perkin Elmer thermogravimetric/differential thermal analyzer in temperature range of 0 to 1,200°C with heating rate of 10°Cmin −1 . Structural characteristics were studied by means of Raman spectroscopy (Renishaw Ramascope 1000). The ratio of real versus geometric surface area (S R /S G ) of the produced carbon nanotubes was determined by measuring the double layer capacity using cyclic voltammetry [26, 27] . For comparison, the same measurements were performed for Vulcan XC-72. Cyclic voltammetry (CV) measurements were performed in alkaline solution (3.5 M KOH) in the region of potentials where only charging of double layer occurs with scanning rate of 1 to 10 mVs
. Electrochemical AMEL equipment (Function Generator AMEL 568, Potentiostate/Galvanostate 2053 and software package SOFTAS-SIST 2.0) was used. Gas diffusion electrodes were prepared out of the produced carbonaceous powder by hot pressing at 300°C with the back layer of carbon black acetylene + PTFE and the front layer of the CNTs + PTFE. The counter electrode was a platinum wire, the reference one-Hg/HgO, while the electrolyte was a solution of 3.5 M KOH (p.a., Merck) in deionizated ultrapurified water.
Electrocatalysts were prepared by sol-gel procedure described elsewhere [28] . 
.e., electrocatalytic activities of the studied electrocatalysts, was studied by means of cyclic voltammetry and steady-state galvanostatic method. The same instrumentation explained above was used. During the electrochemical testing, the solution in the cathodic area was purged by hydrogen.
Results and discussion
In the recent papers of the present author [20, 21] , it was reported that the constant voltage electrolysis, as opposed to the constant current (galvanostatic) electrolysis, could improve and increase the yield of produced CNTs. Thus, the goal of this study was (1) to improve the process of MWCNTs production by electrolysis in molten lithium chloride by passing an electric current through a molten ionic salt between graphite electrodes at a constant overpotential, (2) to carry out physical characterization of carbon nanotubes produced by this method, and (3) to apply the produced carbon nanotubes as a catalyst support for electrocatalysts aimed for hydrogen evolution.
Physical characterization of the produced carbon nanotubes
Electron microscopy was used mainly to identify and evaluate different constituents in the carbonaceous products and contribution of the CNTs in them. SEM images of the CNTs obtained by electrolysis at a constant overpotential are shown in Fig. 1 , with the low and high magnification, respectively. Generally, the obtained carbonaceous products surprisingly contain a large quantity of MWCNTs, more than 80 %. In comparison with our previous results [21] , the results presented in this study show that the yield of carbon nanotubes is more than three times higher. The morphology of the products obtained by electrolysis in molten LiCl is very similar to those reported previously [16, 21] . The size of the produced carbon nanotubes is ranged between 10 and 100 μm in length and 20-60 nm in diameter.
As we could see, the nanotubes are highly entwined similar to the nanotubes produced catalytically using a floating catalysts. Also, SEM and TEM observations show that the nanotubes could extend between two separate aggregates and end up in each. But, normally, most of them start and end in the same aggregate with some exception curving out of the aggregate.
In addition to nanotubes, the other constituent in the product were observed, such as some aggregated carbon nanoparticles and some small pieces of unreacted graphite particles (Fig. 1c) .
TEM images in Fig. 2 also show CNTs produced under the same conditions. The material was found to be aggregated in the aggregates consisted of nanotubes and nanoparticles. TEM observation shows that some of these tubes and particles contain a foreign material. These filings could be either lithium or lithium carbide, if it is formed. The images also show that most of the material, >80 %, are MWCNTs. There are small amount of impurities, as metal particles, carbon fibers, amorphous carbon structures, and impurities originating from the salt.
SWCNTs were not found in the material produced and inspected during this study. This fact may lead to the conclusion that under those circumstances, production of SWCNTs is not possible.
Analysis of the thermal stability of the carbon nanotubes is an appropriate method for determination of the overall quality of the obtained carbon nanotubes. Thermogravimetric analysis includes heating the produced carbonaceous material by electrolysis in molten salt under oxygen flow, whereat the various components oxidize at different temperatures. TGA-DTA thermograms are presented in Fig. 3 , where the blue lines show the weight loss as a function of temperature from 0 to 1,200°C and green lines are the corresponding DTA curves. TGA curve for CNTs produced by electrolysis in molten salt (Fig. 3a) shows a higher slope than that of the CNTs produced by using commercial graphite as a cathode (Fig. 3b) . According the literature, this indicates a less of weight change with respect to temperature.
We will turn more attention on DTA curves because they directly reflect variation in the weight with temperature. The DTA curve obtained when commercial graphite EC4 was heated under the oxygen flow shows two peaks at about 500 and 950°C indicating that the oxidation process of the graphite consists of two stages. However, the corresponding DTA curve for produced carbon nanotubes sample shows that the process of thermal oxidation occurs also at two stages, the first one bellow 464°C and the second one at 719°C (Fig. 3a) . The curve indicates that probably MWCNTs oxidize at the temperature below 464°C because the first peak can be attributed to the oxidation of the amorphous carbon, and the second peak at 719°C corresponding to the temperature of oxidation of carbon fullerenes and unreacted graphite particles. Lower oxidation temperatures registered for the obtained MWCNT (around 400°C) indicate that some defects and derivatization moieties are present in the nanotubes walls that can cause the lower thermal stability. Also, less thermal stability suggests that the produced carbon nanotubes samples have smaller diameters. A smaller diameter implies a high degree of curvature which means increased contact with the air and subsequently a higher reactivity toward oxygen. This was observed also for C 60 [29] . The thermogravimetric study performed by Bom and coworkers [30] has shown that graphite has a higher thermal stability than MWCNTs and oxidized at higher temperatures. We could say that our results are in contradiction with the result obtained by Bom. It is obvious that row graphite material EC4, used as an electrode material, oxidizes at temperatures which do not correspond to any of two burning temperatures of carbon nanotubes sample.
Raman spectroscopy has been used to determine crystallinity of the produced carbon materials. Shown in Fig. 4 is Raman spectrum of the studied material. The spectrum consists of two pronounced peaks characteristic for carbonaceous materials: D peak at position near 1,345 cm −1 as a result of disorders in the crystals and G peak near 1,575 cm −1 as a result of in-plane vibration of the C-C bonds. The pick D indicates disordered carbon atoms referred to defects as pentagons and heptagons in graphite, edges of the graphite crystal, and amorphous carbonaceous products [31, 32] . The peak G is related to the highly oriented graphite [33] , i.e., formation of well-graphitized carbon nanotubes. On the right side of G-line, a no well pronounced shoulder peak appears at the position of near 1,610 cm −1 and denotes as D′ peak. The appearance of D′ peak points out that these carbon nanotubes are multiwalled [34] . Comparing the intensity or surface area of below D and G peaks, the extent crystallinity of the material can be assessed. The ratio of intensities of the D and G maximums (I D and I G ) gives an indication of the crystallinity of the studied material. The lower value of I D /I G points out on higher crystallinity, while the higher ratio suggests on the higher disorder within the crystalline structure [35, 36] . Highly oriented pyrolytic graphite (HOPG) has an I D /I G ratio approaching 0, while amorphous carbon has a value near 3.3. HOPG is a high quality graphitic material consisting of planes of carbon atoms, which are highly oriented between each other. The ratio of intensities of the characteristic peaks (I D /I G 0 1.05) for the studied MWCNTs indicates the extent of defects and impurities in the produced material. The Raman spectrum as well as the TEM and SEM analysis confirmed that there were no single-walled nanotubes present in the sample.
Application of the produced MWCNTs as electrocatalyst's support materials
To determine the ratio of real vs. geometrical surface area, S R /S G , the double layer capacity (C dl ) of the produced carbon nanotubes and catalysts deposited on carbon nanotubes was measured by CV. For comparison, corresponding measurements were performed on pure Vulcan XC-72 and corresponding electrocatalyst deposited on Vulcan XC-72. CV scanning was performed in the region of potentials where only charging of double layer occurs with scanning rate from 1 to 10 mVs −1 . The procedure for determination of C dl electrocatalysts deposited on these carbon substrates is presented elsewhere [37] . The values for the double layer capacity for the manufactured and purified MWCNTs are shown in Table 1 . The produced carbon nanotubes have shown considerable higher value for the double layer capacity, almost twice. This means that they have almost twice higher developed surface area. Also, similar ratio was observed for corresponding CoNo/TiO 2 electrocatalysts deposited on MWCNTs and Vulcan XC-72.
In Fig. 5 , SEM images of the CoNo/TiO 2 electrocatalysts deposited on both MWCNTs and Vulcan XC-72 are shown. According to SEM images, electrocatalyst deposited on MWCNTs has intertwined thread-like morphology, as a result of the presence of the MWCNTs (Fig. 5a, b) . This morphology is more appropriate than that of electrocatalyst deposited on Vulcan XC-72 which shows spherical shape and larger size of particles (Fig. 5c) . In case of catalyst deposited on MWCNTs, catalyst's components are grouped into smaller clusters. Also, there are more holes between them which lead to better inter-particle porosity of the catalyst. Due to the intrinsic geometric shape of MWCNTs (empty cylinders ordered one over the other), they possess inner holes, so the inner or trans-particle porosity of electrocatalysts deposited on MWCNTs is considerably higher. In Fig. 6 , cyclic voltammograms of the CoNi electrocatalysts deposited on both carbon support materials are shown. In both, voltammograms can be seen with characteristic peaks for transition of Co to higher valence states [37, 38] . Also, it can be seen that surface and electrode processes on electrode made of catalyst deposited on MWCNTs are more pronounced and occur in narrower potential region. Hydrogen/oxygen evolution occurs at more positive/negative potential and is considerably more intensive on MWCNTs-based electrode compared with corresponding one deposited on Vulcan XC-72.
Analyzing polarization characteristics shown in Fig. 7 , it is obvious that considerable improvement of catalytic activity of non-platinum electrode material was achieved by using MWCNTs. The overpotential for hydrogen evolution at reference current density of 60 mAcm −1 is 250 mV in the case of
CoNi-based catalysts deposited on MWCNTs, while the corresponding value of the electrocatalyst deposited on Vulcan XC-72 is 290 mV. Value of the corresponding overpotential for traditional Pt electrocatalyst deposited on Vulcan XC-72 is 205 mV. Using MWCNTs as a catalyst support decreases the difference between Pt-and CoNi-based catalyst for 50 % and approaches to the activity of the traditional Pt electrocatalyst. The higher activity of CoNi electrodes containing MWCNTs is caused by purely physical factor, mostly of more developed surface area. Carbon nanotubes provide (1) rise of real surface area of the catalyst as a whole, (2) better dispersion of catalyst's particles over the surface, (3) prevent agglomeration of the metallic particles and (4) extra-conductive properties, and (5) better porosity due to geometric nature of nanotubes and morphology of the catalysts as a whole.
Conclusions
Within this study MWCNTs were produced using electrolysis of molten LiCl at constant cathode potential. The produced carbonaceous material was studied by means of TEM, SEM, TGA-DTA, and Raman spectroscopy. Further, the produced material was used as support material for nonplatinum electrocatalysts aimed for hydrogen evolution. According to obtained results, we could draw the following conclusions:
1. Instead of constant cell potential electrolysis as reported in the previous works [20, 21] or constant applied current [15, 17] , cathode potential electrolysis used in the present study ensures better conditions for production of MWCNT. The results show that EC4 is a proper material as precursor for the present purpose. The idea of this method was avoiding of cathode blocking, electrode cracking caused by current peaks and improvement of CNTs production.
2.
The results obtained by structural study of the carbonaceous material produced by constant overpotential electrolyses in molten LiCl give sufficient evidence that the observed samples contain more than 80 % MWCNTs. The nanotubes are mostly of curved shape, low crystallinity containing some defects (disordered carbon) and impurities (amorphous carbonaceous products, fullerenes). 3. As a result of the superior physical properties of the MWCNTs such as highly developed surface, extra conductivity, chemical stability, and inter-and trans-particle porosity, they have shown considerably better performance as a catalyst support material related to traditionally most used support material-Vulcan XC-72.
